Slender building structures must be designed by taking into account the second order effects. Whether this effect is significant or not, can be decided by comparing the vertical load to the buckling load of the building. It was suggested by several researchers that second order effects can be neglected, when this ratio is below ten percent. This statement is, for example, part of Eurocode-2 (Design of Concrete Structures), which also contains approximate procedures, how to evaluate the buckling load of buildings. It is also well known that the second order effect can be taken into account by a fictitious horizontal load, which is a function of the vertical load/buckling load ratio.
Introduction
Second order effects in buildings may be ignored, if they are significantly less than the corresponding first order effects (e.g. less than 10%, [7] ). This criterion is part of the building codes, for example Eurocode 2 (Design of Concrete Structures) and Eurocode 8 (Design of structures for earthquake resistance). The former one states that second order effects can be neglected, if the following relation holds:
Loads mostly at the floors 
F
is the total vertical load, while cr N is the global buckling load. To obtain the buckling load for (regular) building structures approximate expressions are suggested, which are based on the buckling load of replacement columns with uniform stiffnesses (Fig. 1) . The columns may have bending stiffness (D=EI) and/or shear stiffness ( Ŝ ). Buckling loads of columns with concentrated loads on the top and continuous load along the height having either bending deformation or shear deformation are summarized in Tables 1 and 2 [6, 8] .
Using these results the buckling loads are approximated with the summation theorems [5] , which are summarized in Table 3 and discussed briefly below.
When a structure is subjected to the sum of different loads (e.g. N 1 and N 2 , Table 3 , left), according to Dunkerley's theorem its buckling load (critical load parameter) can be approximated with the buckling loads (critical load parameters) of the individual loads, as it is shown in Table 3 , left. 
For the illustration of the Föpple theorem, consider a structure, which is characterized by two 
stiffnesses in such a way that if any of the stiffnesses is set equal to zero the structure becomes a mechanism. According to Föppl's theorem, the buckling load can be approximated with the buckling loads of two structures, which are obtained from the original one by setting one of the stiffnesses equal to infinity. This is illustrated in Table 3 , middle.
Finally, consider a structure, which is characterized by two stiffnesses in such a way that if any of the stiffnesses is set equal to infinity the structure becomes rigid. According to Southwell's theorem, the buckling load can be approximated with the buckling loads of two structures, which are obtained from the original one by setting one of the stiffnesses equal to zero. This is illustrated in Table 3 , right.
Buckling load of shear walls
When the structure is braced by solid shear walls, the buckling load can be approximated by assuming a distributed load along the height of the structure, which results in ( 
where H is the height of the building and D is the sum of the bending stiffnesses (EI) of the shear walls. This expression may be used only, if the foundation is preventing the rotation of the base of the shear wall, the shear deformations of the walls are negligible, and the number of stories is high enough to assume uniform load along the height. If these approximations are unrealistic, expression (2) must be modified. This will be discussed in the following subsections.
Modification due to the rotation of the base
We may define the rotational stiffness of the base as ( Fig. 2 )
. Using Föppl's expression (Table 3 , middle), we obtain that the buckling load can be calculated as:
We note that this formula (which was derived by Zalka [6, 8] ) is given in Eurocode 2 with the multiplier 0.7, instead of 3.9. This must be a misprint with serious consequences, as it may overpredict the buckling load by up to 400%.
Modification due to the shear deformation
When the shear walls have openings, the shear deformation can be significant and may not be neglected. The inverse of the shear stiffness ( Ŝ ) can be defined as the interstorey drift over storey height from unit horizontal load. Columns having both flexural (bending) and shear deformations are called Timoshenko beams. Their buckling load can be approximated by Föppl's expression, which gives:
This expression, given also in Eurocode 2, is conservative, however may have an error up to 40%. A much better approximation was derived by Hegedus and Kollar [1] , see Table 5 . 
When there are several bracing elements, Eurocode 2 suggests that the shear stiffness, Ŝ is calculated as the sum of their shear stiffnesses. We must emphasize that simple summation may lead to unconservative results if the shear stiffness / bending stiffness ratios of the bracing elements are different. (For example, let us consider two bracing elements: one with high bending, but low shear stiffness, while the other with low bending and high shear stiffness. If the stiffnesses are determined by summation, both the calculated bending and the shear stiffness are high, which is not realistic.) A possible solution is that the buckling loads of the bracing elements are calculated individually, and then, according Southwell's summation, the buckling loads (not the stiffnesses) are added together. Most of the loads are acting at the levels of the floors (Fig. 1) , however in the analysis above we assumed a uniformly distributed load along the height. When a distributed load (p) is replaced by concentrated loads (Fig. 3 ) it results in a force ph at every storey (where h is the height of the storey), except at the very top, where only ph/2 is acting. As a consequence, the concentrated storey loads must be separated into two groups such that the first group can be replaced by a uniform load (Fig. 4b) , while the rest is a concentrated load on the top (Fig. 4c ).
Modification due to the number of storeys
This additional concentrated force can be taken into account by using Dunkerley's expression. From Table 1 , the critical load parameter for uniformly distributed load is 
while for ( ) 
where T P and F P are the loads on the top of the building and on an arbitrary storey, respectively. From Dunkerley's expression (Table 3) 
This expression (with F T P P = ) is given in Zalka [6, 8] , and in Eurocode 2. Note that multiplier n ξ decreases with the number of storeys, n. (The application of the above expression is recommended only if 2 / F T P P ≥ ).
When the deformation of the wall is dominated by shear (flexural deformation is negligible) the buckling load is not affected by the position of the load along the height, hence the number of storeys has no effect either.
When the deformation is governed by the rotation of the base ('rigid' wall), the reduction due to the storey number is less than n ξ (defined in Eq.8).
When all the three effects discussed in the previous subsections are taken into account, we may use: 
where n ξ is defined by Eq. (8) . Note that coupled shear walls may behave like frames [2, 6, 8] , which are discussed in the next section.
Buckling load of frames
The simplest model of a frame structure (Fig. 5 ) is a replacement column, which has shear deformation only. In this case the shear stiffness can be determined from the deformations of one storey (Fig. 6 ). It can be approximated by the following expression [2, 8] : 
where n and n-1 are the number of columns and beams, EI ci and EI bi are their bending stiffnesses, h is the storey height and d i is the bay length. The buckling loads are given in Table 1 .
This model was improved in the fifties by Sigalov, Beck and Csonka [2, 8] , and a coupled bar model was introduced, which has both shear and bending stiffness. This model is referred to as a Csonka beam. Its shear stiffness is calculated by Eq.10, while the bending stiffness is [2] :
Its buckling load under concentrated load is given in Table 4 . When the column is subjected to a distributed load the critical load was determined by Zalka [6, 8] , an approximate expression was fitted on his results, which is presented in Table 5 . (Note that Suthwell's expression, which is also presented in Table 5 , may underestimate the buckling load by almost 50%.) 
Both of these models neglect the compressibility of the columns, and hence the presented formulas may overestimate the buckling load. For slender frames, a new bending stiffness is introduced, which can be calculated from the parallel axes theorem, as follows:
where EA ci is the tensile stiffness of the ith column, and s i is its distance from the center of the building. These three stiffnesses ( 0 D , l D , Ŝ ) are the rigidities of a sandwich beam. (This model was introduced for the analysis of wind loads by Rosman and for earthquake analysis by Rutenberg, and Skattum [8, 3, 4] ). Its buckling load under concentrated load is given in Table 4 . When the column is subjected to a distributed load the critical load is given in [2] . Two approximate expressions are presented in Table 5 .
Eurocede 2 does not give a criterion on the calculation of the buckling load in case of (unbraced) frames, the expressions given in Table 4 and 5 are recommended. 
where P tot is the total load above the storey, d r is the interstorey drift, V tot is the shear force. We may observe that (Fig.6) , and hence Eq.(13) is approximately the total load over the shear stiffness of one storey. If the compressibility of the columns is negligible Eq.(13) is identical to the condition of Eurocode 2, given also by Eq.(1). However, for slender frames Eq.(13) should be modified, and the compressibility of the columns must be taken into account. For example, by using the third row of Table 5 
or, to obtain a better approximation, the fourth row of Table 5 
Conclusion
In this paper simple expressions are presented for the calculation of the buckling load of building structures. Based on these expressions, modifications are suggested in the expressions of Eurocode to avoid unconservative (or too conservative) results.
